The present study is devoted to the detailed numerical analysis of the combustion waves propagation through the lean hydrogen-air mixtures with suspended micro-droplets of water. Considered gaseous mixtures are characterized by a relatively low reactivity and so the intensity of the combustion waves is moderate. Herewith, it is found that the flame can be noticeably accelerated in the presence of suspended micro-droplets. In particular, it is shown that the interaction between the flame front and the droplets with a diameter larger than 25 µm results in the enhancement of the flame instability that provides a substantial acceleration of the mixture burn-out process. At increased number density of water droplets the combustion proceeds in a similar way to the combustion within a porous medium, and similar trends are observed such as the increase in flame speed and intensification of the combustion process with the pressure increasing inside the confined vessel. In such a way it can be concluded that the water should be atomized in a proper way when attempting to use it as hydrogen explosion inhibitor. Otherwise, water droplets could induce flame acceleration via the mechanisms distinguished in this paper.
Introduction
Safe operation of nuclear power plants and perspective hydrogen energy systems is of primary importance for the development of the energy sector. One of the possible scenarios of the emergency on a nuclear power plant is the ignition of the combustible gaseous mixtures on the base of hydrogen that are formed under containment as a result of zirconium oxidation by water steam [1] . Similar conditions could arise as a result of a hydrogen leak during its transfer or storage as a fuel [2, 3] . In both cases, the released hydrogen mixes with ambient air forming a highly reactive combustible mixture. As a result of subsequent combustion, variety of different flame propagation modes can be realized. These modes are characterized by different dynamic and thermal loads from the slow diffusive combustion in the form of flame kernels in lean mixtures [4, 5] to the devastating trans-or supersonic flames or even detonation in near stoichiometric mixtures [6, 7, 8] . Thereby the problems of ignition and flame development in hydrogen-based gaseous mixtures require the detailed analysis for the elaboration of robust approaches for effective mitigation of the flame acceleration or its complete extinguishing. One of the possible ways for the complete or partial mitigation of the combustion is the addition of the dispersed droplets of water into the formed combustible mixture. Due to the low cost, high specific heat capacity and latent heat, water is one of the widely used combustion inhibitors [9] . Suppression of fire propagation by water droplets is determined by several physical mechanisms such as flame cooling, cooling of the fuel, dilution of the fuel with inert water vapor and others. Thus, the effectiveness of those mechanisms depends differently on the average droplet flow related to the unit of the flame front surface, droplets size and spatial distribution, droplets velocity relative to the flame front [10] . Set of parameters for successful flame mitigation can be determined individually and depends on gas-dynamical conditions, fuel characteristics and flame front structure. In the optimal case, the residence time of the droplets inside the flame front should be maximized [11] . Droplets of the small size have a large ratio of the surface area to the volume, so small droplets evaporate faster and release more water vapor per time unit than large droplets do. Thereby small droplets provide more effective cooling and dilution of the combustible mixture inside the reaction zone. On the other hand, small droplets are less inert and the flow ahead of the flame can prevent access of droplets to the flame front. Larger droplets are more inert, evaporate slower and can be effectively used for the cooling of the combustion products. However, that does not always lead to flame quenching. Altogether experiment shows that the quenching of a deflagrative or even detonative combustion [12, 13] , the attenuation of a blast wave [14] , the decrease in flame acceleration rate and the delay in the deflagration-to-detonation transition process [15] are possible at the optimal set of parameters of the dispersed water phase. In [16] the increase in the low flammability limit of the hydrogen-air mixture from 4% to 4.5-5.3% of H 2 for droplets of 20-50 µm diameter and to 7.2-8.5% for droplets of 10 µm was observed. In [17] the presence of droplets of 1-2 µm diameter formed in the process of water vapor condensation in hydrogen-air mixture resulted in low flammability limit increase up to 15% of H 2 .
Despite the recognized ability of the water droplets to suppress the combustion process, water droplets admixture to the combustible compound does not always lead to the desired outcome. Thus, it is known that the injection of the water spray can cause a large scale flow turbulization in the combustible mixture [18, 19] . The interaction between the flow generated in the fresh mixture by the expanding combustion products and the droplets is also a possible way of flow turbulization [19] . However, the latter mechanism seems to be relevant only for the fast flames subjected to the large droplets [18] . Flow turbulization ahead of the flame can be a reason for the intensification of the flame surface wrinkling that results in the opposite effect -flame accelerates instead of being suppressed [20, 21, 22] . Another possible mechanism of the flame acceleration in the presence of water droplets is the enhancement of the flame surface instability development. Thus, recent numerical analysis has shown that suspended droplets in the premixed combustible gaseous mixture can trigger Darrieus-Landau instability and provoke the generation of small-scale perturbations on the flame surface [23, 24] . As a result, the flame front surface becomes corrugated that can significantly increase the flame propagation velocity.
Considering the possible application of fine water droplets for fire extinguishing in closed compartments [25] , it is important to determine the mechanisms of the droplets influence on the flame propagation dynamics and the flame front spatial structure in the confined vessels. The present paper is devoted to the numerical analysis of the effect of fine water droplets presence on the confined flame propagation in the hydrogen-based gaseous mixture. 
Problem setup and numerical method
Flame propagation was studied in the confined two-dimensional vessel with diameter 4 cm filled with the lean 15% H 2 -air mixture under normal conditions (p 0 = 1 atm, T 0 = 300 K). Herewith, the gaseous mixture was seeded with water micro-droplets with the diameter d d in the range of 25-200 µm. Problem setup is schematically presented in Fig. 1 . Initially, water droplets were located in the array with the distance between neighboring droplets D that was varied in the range between 0.4 mm and 3.0 mm. The mixture was ignited in the gas volume heated up to 1500 K in the middle of the vessel. To avoid the influence of water droplets on the ignition stage, droplets were not placed in the middle area of the vessel. Symmetry conditions were imposed on the left and bottom boundaries. Adiabatic wall boundary was imposed on the outer wall of the vessel.
Full Navier-Stokes system of the conservation laws was considered in the low-Mach number approximation to reproduce the combustion dynamics.
Thermal conductivity, multicomponent diffusion and energy release associated with the chemical transformations were taken into account. The solution was obtained for the following system of the governing equations [26] :
Here ρ is the mass density, u is the mass velocity, u i are the mass velocity vector components, Y k is the molar fraction of k-th component of gaseous mixture,p is the dynamic component of pressure fluctuations, which is by the order of magnitude much smaller compare with thermodynamic pressurē p and p ( x, t) =p (t) +p ( x, t), σ is the viscous stress tensor, σ ij are the components of the viscous stresses tensor, H = | u 2 | /2 +p/ρ is the stagnation energy per unit mass, ω is the vorticity vector, h s is the specific sensible enthalpy of the mixture, h s,k is the specific sensible enthalpy of k-th component of gaseous mixture, T is the temperature, κ (Y k , T ) is the thermal conductivity coefficient, µ (Y k , T ) is the viscosity coefficient, h 0 f,k is the enthalpy of formation of k-th component of the gaseous mixture, V k,i is the diffusion velocity vector component of k-th specie, C p (Y k , T ) is the specific heat capacity at constant pressure of the mixture. Termω k represents the change in molar fraction of k-th specie due to the chemical reactions.ṁ, ṁ k ,q are respectively the changes in mass, mass fraction of k-th species and energy change associated with movement and evaporation of droplets, f b is the droplets drag force.
To resolve droplets dynamics Lagrangian model was implemented for individual droplets [27] . Droplets velocities u d and coordinates x d were found from the following equations of motion:
Droplets drag force was given by the relation:
Drag coefficient C d was modeled via empirical relation taking into account character of the flow:
is the droplet-based local Reynolds number. Droplets heating and evaporation and corresponding inter-phase exchange was modeled via the following equations:
Hence,
here Y k,l is the liquid equilibrium mass fraction of vapor, T d is the droplet temperature, m d is the mass of the individual droplet, A d,s is the surface area of the droplet, h m is the mass transfer coefficient, C p,d is the liquid specific heat, h is the heat transfer coefficient between the droplet and the gas, h l is the liquid specific enthalpy, h v is the latent heat of vaporization of the liquid. Mass transfer and heat transfer coefficients are described with empirical correlations: D Pr 1/3 . Specific heat capacities and enthalpies of formation were calculated according to the JANAF tables [28] . Diffusion model is based on the zerothorder Hirshfelder-Curtiss approximation [29] . Mixture averaged transport coefficients were obtained from the first principles of the gas kinetics theory [30] . Diffusion velocities were calculated taking into account correction velocity approach proposed in [31] .
The governing equations 1-7 were solved using the second-order predictor/corrector method implemented in [27] . The equations of motion of the Lagrangian droplets 8-9 along with the equations describing heat and mass transfer between the liquid and gas 10-13 were solved via semi-explicit method proposed in [27] as well.
Chemical kinetics was modeled using the contemporary kinetic scheme presented in [32] . The system of ODEs defining the combustion kinetics was solved by Gear method.
Results and discussion
Outwardly propagating flame is subjected to the development of the hydrodynamic Darrieus-Landau instability and thermo-diffusive instability [33] . In the considered case of the lean hydrogen-air mixture with 15% H 2 content, the instability development begins immediately after the ignition as the Lewis number is sufficiently less than unity, Le ≈ 0.6 (according to our estimations and the calculations from [34] ). Due to the negative Markstein number [35] , the rate of the flame surface growth due to instability is rather high, so one can observe a developed cellular flame structure already on the initial stages of the process [36] . The expansion of the combustion products leads to the formation of the flow ahead of the flame in the fresh mixture. If the flame is confined, then the flow pushed by the propagating flame reflects from the confinement boundaries and interacts with the flame. That can trigger the thermo-acoustic instability of the flame [37, 38] that supplements the Darrieus-Landau and thermo-diffusive instabilities development. Thereby the overall process of the confined flame evolution in the lean hydrogen-air mixture is rather complex.
One of the main characteristics of the combustion in the confined vessel is the rate of the pressure rise in the volume. Thus, the rate of the pressure rise indicates the intensity of the combustion process and can be used to estimate the laminar burning velocity in closed vessel explosions experiments [39] . In Figure 2a the pressure-time histories of the combustion process are given for the different configurations of the initial array of droplets of 200 µm diameter, namely for the different droplet inter-distance D. One can notice that the combustion intensifies in the presence of water droplets. Moreover, the effect is more pronounced for the higher droplets number density (shorter droplets inter-distance). Herewith, in the case of larger droplets combustion proceeds faster than in the case of smaller droplets (Figure 2b) . To describe the combustion intensity inside the confined volume from the integral point of view one can introduce the following integral time-scale parameter τ = (pf−p0) (dp/dt) max , where p 0 is the initial pressure and p f is the pressure when the combustion process is complete. Dependence of the characteristic burn-out time scale τ on the initial distance between droplets of 200 µm diameter is presented in Figure 3 .
Flame surface growth due to the instabilities development leads to the flame acceleration above the laminar flame speed values. Addition of the micro-droplets of liquid can also lead to instability enhancement and the increase in the flame propagation velocity [23, 24] . Liquid droplets act like obstacles that cause momentum and energy losses and force the flame to bend while flowing around the droplet in a similar way as in presence of solid obstacles [40] . Perturbations caused by the interaction between the flame and droplets give rise to the instabilities and the formation of highly corrugated flame. In Figure 4 conclude that the droplets effect on the flame surface increases when the distance between droplets is shorter. Thus, the combustion process intensifies as droplets inter-distance decreases (Fig. 2a) .
The instability of the flame front is characterized by the wave-lengths that grow faster than others. According to the linear stability analysis, in the case of Darrieus-Landau instability the shortest, critical wave-lengths of the order of the flame front thickness L f have the fastest growth rate [33] . Critical wave-length can be estimated via relation proposed by [41] as
2 lnθ , where θ is the expansion factor that is the ratio of density of the fresh mixture ρ a and density of the combustion products ρ b , χ is the thermal diffusivity of the mixture, u f is the laminar flame speed. The perturbations imposed by the droplets can be characterized by the spatial scale D. Thus the droplets have the greatest impact on the flame development if they excite the fastest-growing perturbations on the flame front, namely when D ∼ λ c .
A set of 1D planar flame calculations was carried out beforehand to assess the flame front thickness
, where T b is the temperature of the combustion products, T a is the temperature of the fresh mixture, and critical wave-length λ c at different pressure values. According to the results, flame front thickness L f of the lean 15% H 2 -air mixture under normal conditions is equal to 0.64 mm (Fig. 5) and decreases with pressure, while critical wave-length λ c equals to 0.49 mm and grows with pressure. Thus, the setup with droplet array configuration with D ≈ 0.49 mm should provide the high- est combustion intensity on the initial stage of the process. To determine the instantaneous combustion intensity one can analyze the behavior of the pressure derivative dp/dt for different pressure values achieved at consequent stages of combustion. The dependence of dp/dt on the initial distance between droplets D is presented in Figure 6 for pressures 1.5, 2.0, 2.5, 3.0 and 3.5 atm. One can notice that for the pressure 1.5 atm the value of derivative dp/dt has a maximum for D = 0.6 mm that is in line with our reasoning. However, as the pressure rises, the critical wave-length λ c becomes larger ( Figure 5 ) and perturbations imposed by the droplets configuration with D = 0.8 mm start to intensify the process more effectively. Due to this, a local maximum of dp/dt can be observed at D ∼ 0.8 mm at rising pressure (p = 2.0 and 2.5 atm, Fig. 5 ).
It should be noted that in the framework of the considered model of interaction between droplets and gaseous phase, droplets impose energy and momentum losses, while the effects of flow around the surface of droplet and droplets coalescence are neglected. In the case of the smallest distance between droplets D = 0.4 mm the suspension consisting of the fresh mixture and water droplets can be considered as a porous medium and the combustion propagation mechanism switches to one similar to the filtration combustion Figure 6 : Dependencies of the pressure rise dp/dt on the initial distance between droplets D = 0.4-2.4 mm for different pressure values in the process of the mixture burn-out (Fig. 2a) . Droplets diameter -200 µm. [42] . It is well known that in such a system different modes of combustion propagation can be observed, including high-velocity combustion with the velocity up to several times higher than the laminar flame speed [43, 44] . The presence of losses, in particular, thermal losses and hydraulic resistance, is considered as the reason for combustion amplification in such kind of systems [45, 46] . In the case of suspension with D = 0.4 mm, which is smaller than the flame front thickness, droplets act as a porous matrix providing sufficient hydraulic resistance for the flame acceleration. Another characteristic feature of the filtration combustion that was observed experimentally is the increase of the flame speed with pressure [47] . In the case of the confined combustion, a gradual increase of pressure inside the chamber due to mixture burnout can cause further enhancement of filtration combustion. Apparently, those effects are responsible for the obtained increase of the pressure rise intensity in the system with the smallest droplet inter-distance D = 0.4 mm, although a more precise model of inter-phase interaction should be implemented for a deeper understanding.
So far we have mainly considered the droplets with diameter d d = 200 µm that are characterized by the greatest influence on the confined combustion process among the examined cases (Fig. 2b) . The behavior of the individ- Heat losses due to the droplets evaporation and combustible mixture dilution by the water vapor are the main mechanism of the combustion suppression and quenching by the water droplets. However, no quenching was observed even for the smallest droplets of diameter d d = 25 µm. In the all considered cases, evaporation took place mainly in the region of the combustion products and did not affect the reaction zone explicitly. Though the value of the final pressure p f is slightly increased due to the release of water during the flame propagation.
One can notice that for the largest droplets among the considered ones the structure of the initial droplets array is almost unchanged throughout the process (Figure 7a ). As the flow in the fresh mixture reflects from the vessel walls, the resultant flow velocity ahead of the flame is rather small. Thus, the influence of the flow in the fresh mixture on the droplets is greatly reduced, so the larger droplets with sufficient inertia remain almost static. Although smaller droplets are carried by the flow, they still can interact with the flame surface. This indicates that the ability of water droplet to suppress the flame can vary depending on the features of the flows generated during the combustion process in the particular geometry of the vessel.
Conclusions
In the present paper the confined combustion of the hydrogen-air mixture in the presence of volumetrically suspended water micro-droplets is considered employing numerical analysis. It is shown that the admixture of water micro-droplets can lead to the substantial acceleration of the burn-out process. Analysis of the combustion dynamics allowed to conclude that one of the main roles in combustion enhancement belongs to the development of the flame front instability. Thus, the combustion proceeds with greater amplification when the droplets inter-distance becomes close to the critical wave-length λ c of Darrieus-Landau instability, so the droplets excite fastestgrowing perturbations on the flame surface. The observed effect is most pronounced for larger droplets (of 200 µm diameter). Due to the small inertia of smaller droplets of 100 µm and 25 µm diameter, the induced momentum losses are lower and the generation of flame surface perturbations is less effective. Moreover, small droplets tend to be carried away by the flow formed ahead of the flame, so their influence on the flame structure and dynamics is reduced. In the case of high number density of droplets (smallest distance between droplets), the combustion proceeds in a similar way to the combustion within a porous media, and similar trends are observed such as the increase in flame propagation velocity and amplification of the combustion process with the pressure increase. Thus, the basic mechanisms responsible for the combustion intensification in presence of water micro-droplets are distinguished that can be used to improve the practical approaches of hydrogen explosion mitigation by water spraying. In particular, in view of obtained results it can be recommended to atomize the water in a proper way when attempting to use it as hydrogen explosion inhibitor. Otherwise, water droplets could induce flame acceleration via the mechanisms distinguished in this paper.
